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ABSTRACT4

This study examines the response of tropical precipitation extremes to warming in organized5

convection using a cloud-resolving model. Vertical shear is imposed to organize the convec-6

tion into squall lines. Earlier studies show that in disorganized convection, the fractional7

increase of precipitation extremes is similar to that of surface water vapor, which is substan-8

tially smaller than the increase in column water vapor. It has been suggested that organized9

convection could lead to stronger amplifications.10

But regardless of the strength of the shear, amplifications of precipitation extremes in11

the cloud-resolving simulations are comparable to those of surface water vapor, and are12

substantially less than increases in column water vapor. The results without shear and13

with critical shear, for which the squall lines are perpendicular to the shear, are surprisingly14

similar with a fractional rate of increase of precipitation extremes slightly smaller than that of15

surface water vapor. Interestingly, the dependence on shear is non-monotonic, and stronger16

supercritical shear yields larger rates, close to or slightly larger than surface humidity.17

A scaling is used to evaluate the thermodynamic and dynamic contributions to precipita-18

tion extremes changes. To first order, they are dominated by the thermodynamic component19

which has the same magnitude for all shears, close to the change in surface water vapor. The20

dynamic contribution plays a secondary role, and tends to weaken extremes without shear21

and with critical shear, while it strenghtens extremes with supercritical shear. These dif-22

ferent dynamic contributions for different shears are due to different responses of convective23

mass fluxes in individual updrafts to warming.24
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1. Introduction25

The response of the hydrological cycle to climate change has many societal impacts. Both26

changes in mean precipitation and in precipitation extremes are expected with an increase in27

surface temperatures. It is well known that the change in global mean precipitation is con-28

strained by energetics (Allen and Ingram 2002; Held and Soden 2006; Muller and O’Gorman29

2011). Specifically, the changes in latent heat from precipitation and in surface sensible30

heat flux have to balance the change in atmospheric radiative cooling (1). This energetic31

constraint limits the increase of global mean precipitation to a rate of about 2 % K−1 in32

simulations of twenty-first century climate change (Held and Soden 2006), much lower than33

the increase in the availability of moisture in a warmer climate, from 6 % to 12 % K−1
34

depending on latitude (O’Gorman and Muller 2010). Given the small changes in model35

relative humidity (Soden and Held 2006), the atmospheric humidity is expected to increase36

according to the Clausius-Clapeyron (CC) equation, which predicts an approximately expo-37

nential increase with temperature. An increase in atmospheric humidity has already been38

observed in recent years (Trenberth 2011). Over oceans, the increases are consistent with39

CC expectations with a constant relative humidity, while increases are somewhat lower over40

land especially where water availability is limited.41

Changes in regional precipitation or in precipitation extremes on the other hand, need not42

be contrained by global mean energetics. For the former, Muller and O’Gorman (2011) find43

that in simulations of twenty-first century climate change, changes in radiative and surface44

sensible heat fluxes are a guide to the regional precipitation response over land and at large45

scales (thousands of kilometers), but not at small scales over the ocean. For precipitation46

extremes, it has been argued that the heaviest rainfall events occur when effectively all the47

moisture in a volume of air is precipitated out (Trenberth 1999; Allen and Ingram 2002;48

Pall et al. 2007). This implies that the rate of increase of precipitation extremes should49

follow the increase in atmospheric humidity, and could be even larger if vertical mass fluxes50

in convective updrafts were to increase. In the mean, the upward mass flux from tropical51
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convection decreases with increasing temperatures (Betts 1998; Held and Soden 2006; Vecchi52

and Soden 2007), but the response in the individual convective towers leading to the heaviest53

rainfall rates could be different.54

In observations of present-day variability, precipitation extremes have been found to in-55

crease at a greater fractional rate than the amount of atmospheric water vapor (Allan and56

Soden 2008; Lenderink and van Meijgaard 2008; Liu et al. 2009; Lenderink et al. 2011).57

Although present-day variability may not be directly relevant to global warming, this raises58

the possibility that tropical precipitation extremes could increase faster than CC expec-59

tations. Results from climate change simulations in general circulation models (GCMs)60

give widely divergent changes in precipitation extremes in the tropics (Emori and Brown61

2005; O’Gorman and Schneider 2009; Sugiyama et al. 2010). For example, O’Gorman and62

Schneider (2009) find that the rate of increase of tropical precipitation extremes in the third63

Coupled Model Intercomparison Project (CMIP3) climate model simulations ranged from64

1.3% to 30% depending on the climate model. The inability of current climate models to65

consistently predict changes in tropical precipitation extremes with warming is likely tied66

to the use of convective parameterizations (Wilcox and Donner 2007), and is not surprising67

given the failure of the climate models to simulate observed tropical precipitation extremes68

in the present climate (Kharin et al. 2007).69

This motivates the use of high-resolution cloud-resolving models (CRMs) to address this70

issue. Because of their large computational costs, such models are typically run in idealized71

settings (e.g. on square, doubly-periodic domains over ocean with simplified microphysics),72

but they have the advantage that they resolve the convective-scale processes instead of pa-73

rameterizing them. Recently, Romps (2011) and Muller et al. (2011) (hereafter MOB11)74

used CRMs to investigate the response of precipitation extremes to warming in radiative-75

convective equilibrium over ocean in the absence of convective organization. Despite some76

important differences in the settings (different CRMs, small versus large domain, fine versus77

coarse resolution, different Sea Surface Temperature (SST) increases, interactive versus fixed78
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radiative cooling rates), their conclusions are the same: the amplification of precipitation79

extremes with warming follows the increase in cloud-base water vapor, or surface Clausius-80

Clapeyron scaling (CCsfc), which is smaller than the increase in vertically-integrated atmo-81

spheric humidity, or Clausius-Clapeyron scaling (CC). In the tropics, using column water82

vapor as a proxy for the rate of change of precipitation extremes instead of surface humidity83

can lead to substantial overestimates. O’Gorman and Muller (2010) find that for climate84

model simulations of the A1B emissions scenario, the multimodel mean rate of increase in85

zonal mean column water vapor is 8.4% at the equator, whereas the increase in surface86

specific humidity is only 5.8%, yielding an overestimate of about 45%. Both CRM stud-87

ies find that the increased SSTs yield an upward shift of atmospheric variables, consistent88

with the upward shift of the temperature profile on a warmer moist adiabat (Singh and89

O’Gorman 2012). They also find stronger vertical velocities in updrafts, though as pointed90

out in MOB11, the increase in vertical velocity w does not necessarily imply an increase in91

vertical mass flux ρw. The latter is more relevant to precipitation extremes.92

The above results were derived in disorganized convection. Nevertheless, convective orga-93

nization can strongly impact the distribution of precipitation and convective properties, and a94

large fraction of precipitation extremes occurs in organized convection. Various mechanisms95

can generate and modulate convective organization, such as internal feedbacks involving wa-96

ter vapor (Held et al. 1993; Tompkins 2001) or radiation (Bretherton et al. 2005; Stephens97

et al. 2008; Muller and Held 2012), as well as external forcings such as background vertical98

shear (Rotunno et al. 1988; Fovell and Ogura 1988; Garner and Thorpe 1992; Weisman and99

Rotunno 2004; Robe and Emanuel 2001). The ubiquity of convective organization above100

tropical oceans has been pointed out in several observational studies (Houze and Betts 1981;101

WCRP 1999; Nesbitt et al. 2000).102

Recent results from Singleton and Toumi (2012) indicate that changes in precipitation ex-103

tremes could be significantly larger when the convection is organized. Using a high-resolution104

CRM to study the response of precipitation extremes to warming in an idealized squall line,105
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they find precipitation extremes changes in excess of CC (at surface temperatures higher106

than 24◦ C), due to stronger vertical mass fluxes with warming. Though this study raises107

the possibility that organized convection could yield stronger amplifications of extremes,108

the warming in this case was done by warming the atmosphere by one degree uniformly in109

the vertical. A uniform vertical warming increases the atmospheric instability. Indeed the110

change of temperature consistent with a warmer moist adiabat, as is expected in response111

to an SST increase in the tropics, yields stronger warming aloft than at low levels. The112

increased atmospheric instability with uniform vertical warming could potentially overes-113

timate the increase in vertical velocities and mass fluxes, and hence the amplification of114

precipitation extremes.115

The goal of this paper is to investigate the response of precipitation extremes to an SST116

increase in a CRM with organized convection. Background vertical shear is used to organize117

the convection into squall lines. The shear is maintained through the simulations which are118

run to radiative convective equilibrium. Once equilibrium is reached, we start our analysis.119

Note that this is a slightly different setting than Singleton and Toumi (2012) who fix the120

background state and let the squall line propagate through this imposed background state.121

In our simulations on the other hand, the squall line is in equilibrium with the mean state.122

Although our setting is idealized (square, doubly-periodic domain over ocean, no large scale123

forcing, no orography), it can help shed some light on the impact of convective organization124

on the amplification of precipitation extremes with warming, and the methodology developed125

should also be applicable to less idealized simulations. Of particular interest are the following126

questions:127

• Without convective organization it was found in cloud-resolving simulations that the128

fractional increase in precipitation extremes was substantially smaller than that in129

atmospheric water vapor, and was closer to the increase in surface water vapor con-130

centrations. Does this result still hold in organized convection? Or does convective131

organization yield stronger amplifications of precipitation extremes with warming?132
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• Is the response of precipitation extremes to warming monotonic in the strength of the133

background vertical shear applied? In other words, does stronger shear yield larger134

amplifications?135

• Can we use the framework introduced in MOB11 to investigate the thermodynamic136

and dynamic contributions to changes in precipitation extremes with warming? Can137

it help explain the sensitivity to shear?138

The next section describes the numerical experiments, which are also listed in Table 1. Sec-139

tion §3 examines the response of mean precipitation to warming for different shear values.140

Section §4 describes the response of precipitation extremes, which are analyzed further in §5141

using an approximate scaling for precipitation extremes. Conclusions are offered in §6.142

2. Numerical simulations143

The CRM used in this study is the System for Atmospheric Modeling, or SAM [version144

6.6; see Khairoutdinov and Randall (2003) for a full description]. The model solves the145

anelastic continuity, momentum and tracer conservation equations. The prognostic thermo-146

dynamic variables of the model include total non-precipitating water (vapor + cloud water147

+ cloud ice) and total precipitating water (rain + snow + graupel). The mixing ratio of148

cloud water, cloud ice, rain, graupel and snow are diagnosed from the prognostic variables149

using a temperature dependent partition between liquid and ice phases. The frozen moist150

static energy, which is the sum of the liquid/ice water static energy and the total condensate151

amount times the latent heat of vaporization, is conserved during moist adiabatic processes152

in the model, including the freezing and melting of precipitation. The model is run to radia-153

tive convective equilibrium, and once equilibrium is reached the precipitation extremes are154

analyzed.155

All simulations are three-dimensional on a square, doubly-periodic horizontal domain.156

The vertical grid has 64 levels (capped at 27 km with a rigid lid) with the first level at 37.5157
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m and grid spacing gradually increasing from 80 m near the surface to 400 m above 5 km,158

and a variable time step (10 s or less to satisfy the Courant/Friedrichs/Lewy condition).159

The surface fluxes are computed using Monin-Obukhov similarity. To reduce gravity wave160

reflection and buildup, Newtonian damping is applied to all prognostic variables in the upper161

third of the model domain. We run three cases: the control case CTRL with resolution dx162

= 1 km and domain size L = 256 km; the small domain case SMLDMN with the same163

resolution as CTRL but a smaller domain size L = 128 km; and the low resolution case164

LOWRES with the same domain size as CTRL but a coarser resolution dx = 2km (see165

Table 1 for a summary of the various simulations).166

For all those three cases, we perform two experiments: the cold experiment with an SST of167

300 K, and the warm experiment with an SST of 302 K. The radiative cooling rates are fixed168

for convenience (smaller computational costs) and because we empirically found it easier to169

generate squall lines with fixed radiative cooling rates in this model. MOB11 showed that it170

is important to allow the radiative cooling profile to change according to the SST in warming171

experiments. This is because all vertical profiles shift upward following the warmer moist172

adiabat, and the radiative cooling profile needs to shift upward accordingly. Otherwise the173

detrainment level is too low in the warm experiment (Hartmann and Larson 2002), and one174

obtains unrealistic decreases in condensate amounts and increases in precipitation efficiency.175

Therefore we use different radiative cooling profiles in the cold and warm experiments (whose176

profiles are given on Fig. 1), which are obtained from a smaller domain run with interactive177

radiation and with the corresponding SSTs.178

Vertical shear is imposed to organize the convection into squall lines. It is well known179

that in the presence of vertical wind shear, convection organizes into lines. This organization180

follows from the fact that the background shear opposes the displacement of the cold pool181

and associated gust front relative to the free convection (e.g., Rotunno et al. (1988); Fovell182

and Ogura (1988); Garner and Thorpe (1992); Weisman and Rotunno (2004)). Three shear183

profiles are used: zero shear (“Shear0”), critical shear (“Shear1”) and supercritical shear184
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(“Shear2”). The shear profiles are shown on the left panels of Fig. 2. The mean wind185

is relaxed over a time scale of two hours toward these wind profiles. The critical shear186

corresponds to squall lines perpendicular to the shear (the shear is in the x direction in187

all our simulations), and is empirically determined to decrease from U = 10 m s−1 at the188

surface to U = 0 m s−1 at 1 km. The supercritical shear, which is obtained by doubling the189

critical shear, yields squall lines oriented at an angle of about 45◦ with respect to the shear,190

so that the projection of the shear onto the squall line is critical (see e.g. Robe and Emanuel191

(2001)). The right panels of Fig. 2 show snapshots of clouds in the CTRL case with the three192

different shear profiles.193

The organization looks similar in all three cases (CTRL, SMLDMN and LOWRES),194

as can be seen on Fig. 3, 4 and Fig. 5 which show time series of instantaneous vertically-195

integrated atmospheric water vapor in all cases without shear, with critical shear and with196

supercritical shear respectively. Without shear (Fig. 3), convection is disorganized. Individ-197

ual convective events occur somewhat randomly throughout the domain and typically last198

a few hours (the snapshots in Fig. 3 are separated by an hour). With critical shear (Fig. 4),199

the simulation looks quite different. All the convection is aligned along a squall line perpen-200

dicular to the shear, and the line is very steady in time (the snapshots in Fig. 4 are separated201

by a day and a half). With supercritical shear (Fig. 5), the convecting line is oriented at an202

angle of about 45◦, so that the cross-line component of shear is near its critical value. The203

lines are slowly advected downshear (the snapshots in Fig. 5 are separated by five hours), at204

a rate of about 2 m s−1 which is much slower than the surface background velocity (20 m205

s−1).206

Table 1 summarizes the various simulations. We now investigate the change in the dis-207

tribution of precipitation, mean and extremes, between the cold run and the warm run in208

the various cases for different shears.209
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3. Results: mean precipitation210

The time and space mean precipitation satisfies the mean energy budget of the atmo-211

sphere:212

Lv < P > + < S >≈< Qrad >, (1)213

where LvP is the latent heat associated with the surface precipitation P , S is the surface214

sensible heat flux, Qrad the vertically integrated radiative cooling, and < . > denotes time215

and space average. Since we use fixed radiative cooling rates, the change in radiative cooling216

is the same in all cases and for all shears. Therefore we expect the change in mean pre-217

cipitation to be similar in all the runs modulo some small changes in S. We see that this218

is indeed the case: Fig. 6 shows the changes in mean precipitation, precipitation intensity219

(defined as the precipitation averaged over points with non-zero precipitation), precipita-220

tion frequency (frequency of occurence of non-zero precipitation), precipitable water and221

near-surface specific humidity (at the first model level z = 37.5 m). The change in surface222

water vapor is always smaller than the change in atmospheric water vapor for two reasons:223

first, on a warmer moist adiabat, the warming is stronger aloft than at low levels; second224

the fractional rate of increase as predicted by the CC equation at fixed relative humidity225

depends on temperature and increases at lower temperatures, hence at higher altitudes.226

The changes in mean precipitation are approximately the same in all cases, consistent227

with the energetic constraint and the observed small changes in surface sensible heat flux228

(not shown). More importantly, changes in mean precipitation are smaller than the increase229

in atmospheric moisture, or CC scaling. This is consistent with the fact that mean precipita-230

tion is determined by energetics, not by local thermodynamics. The changes in precipitation231

intensity are also smaller than CC, and generally even smaller than CCsfc except with the232

strongest shear at low resolution. In that case, the precipitation frequency decreases signif-233

icantly (- 3.4 % K−1), which allows for a larger increase in precipitation intensity (keeping234

the change in mean precipitation fixed). The decrease in precipitation frequency with super-235
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critical shear is robust throughout all the cases, but the strongest decrease at low resolution236

might be an artefact of the coarse resolution.237

The small increases in precipitation intensity in our simulations are at odds with results238

from Singleton and Toumi (2012) who find a 1.5 × CC increase in storm-averaged rainfall.239

This might be the consequence of the uniform vertical warming that they use, which increases240

the atmospheric instability and hence likely overestimates vertical velocities in updrafts.241

4. Results: precipitation extremes242

We now investigate the change in the distribution of hourly-mean pointwise precipitation,243

with particular emphasis on the change in its extremes. The extremes are computed over244

all times and all points in space. We checked the convergence of the precipitation extremes245

in our simulations by splitting the time series in two and comparing the extremes obtained246

in the two subsamples. We find that the convergence of extremes is much faster (typically247

a few days) without shear than with shear (tens of days), probably due to more internal248

variability with shear. Our analysis therefore required long simulations, 40 days in CTRL249

and 52 days in SMLDMN and LOWRES (the convergence is slightly faster in CTRL which250

has the largest number of points).251

In order to initiate our study of precipitation extremes, we compute the distribution of252

precipitation in the control case CTRL. Precipitation rates as a function of percentile in the253

cold and warm simulations are shown in the top panel of Fig. 7. We see that precipitation254

extremes are sensitive to vertical shear, and almost double in the presence of shear. But255

interestingly, increasing the shear from critical to supercritical shear has very little effect256

on the rainfall rates. This is a robust result throughout all our cases (not shown): adding257

a background vertical shear strongly impacts the high percentiles of precipitation, but the258

value of the shear, critical or supercritical, has little impact.259

We also see from Fig. 7 that warming yields larger precipitation rates at the highest260
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percentiles. This is even clearer in the lower panel which shows the fractional increase in261

precipitation extremes accompanying the SST increase. Despite very different precipitation262

values and convective organizations, the response to warming is similar for all shears: the263

fractional increase in precipitation extremes converges at the highest percentiles, to a value264

of about 10 % for Shear0 and Shear1, and to a higher value of about 15 % for Shear2.265

A similar computation can be done in all the cases, CTRL SMLDMN and LOWRES,266

and the results are summarized on Fig. 8. The changes in atmospheric (PW) and in near-267

surface (qvsfc) water vapor are also shown as gray lines for reference (CC and CCsfc scalings268

respectively). We see that the exact value of the fractional increase in precipitation ex-269

tremes is somewhat sensitive to the domain size and resolution, but there are several robust270

features. First, in all the cases and shears, the increase in precipitation extremes is signifi-271

cantly smaller than the increase in atmospheric humidity. Second, despite the very different272

convective organizations without shear and with critical shear (Figs. 3 and 4), the response273

of precipitation extremes to warming is surprisingly similar, with a rate of increase much274

smaller than CC and even slightly smaller than CCsfc. Third, the extremes have a stronger275

response to warming with supercritical shear. Extremes can increase at a rate close to or276

even above CCsfc.277

Our results without shear are consistent with MOB11 who find that in disorganized278

convection, the fractional increases in precipitation extremes are substantially less than the279

fractional increases in column water vapor, and are comparable in magnitude to (and slightly280

smaller than) those in surface water vapor concentrations (see their Fig. 4). But our results281

with organized convection are at odds with Singleton and Toumi (2012) who find greater282

fractional rates of increase than the amount of atmospheric water vapor in their simulated283

squall lines. As noted earlier, we interpret their result as being the consequence of the uniform284

vertical warming which increases the atmospheric instability and hence likely overestimates285

vertical velocities in updrafts.286

Singleton and Toumi (2012) also observe a change in the behaviour of extremes at an287
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SST of 24◦ C, with larger rates of increase for SSTs above 24◦ C. According to their Fig. 1,288

this SST corresponds to a transition between stationary squall lines (near-critical shear) and289

slanted squall lines (supercritical shear), which could explain the change of behaviour of290

extremes. It is interesting that the response of extremes to warming is not monotonic with291

shear, and is mainly sensitive to the strongest supercritical shear in our simulations. As we292

will see in the next section, this is related to the behaviour of vertical velocities in updrafts293

which respond differently to warming with critical and with supercritical shears. Singleton294

and Toumi (2012) also note that vertical velocities play a role in the super CC scalings that295

they observe. In the next section we use a simple expression to analyze further those results296

and examine the thermodynamic and dynamic contributions to the changes in precipitation297

extremes in our simulations.298

5. Scaling for changes in precipitation extremes299

a. Scaling300

Our goal is to relate changes in precipitation extremes to changes in dynamic and ther-301

modynamic variables. To that end, we use an approximate expression, or scaling, for the302

precipitation rate in an extreme precipitation event. Following MOB11, we use an energy303

rather than a water budget to derive the scaling, because an energy budget allows us to more304

easily define a thermodynamic component (with no dependence on relative humidity), and305

also because the weak horizontal gradients of temperature in the tropics help to eliminate306

horizontal advective terms. From the vertically integrated dry static energy (DSE) budget307

of the model (Khairoutdinov and Randall 2003), it can be shown that the precipitation rate308

in an extreme event, Pe, is approximately given by (MOB11)309

Pe = ǫ
1

Lv

∫

ρ̄w
∂ < s >

∂z
, (2)310
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where ǫ denotes precipitation efficiency as defined in MOB11, Lv latent heat of evaporation,311

ρ̄ reference density profile used in the anelastic governing equations, w resolved wind speeds312

along the Cartesian direction z, s = cpT + gz dry static energy, < . > domain and time313

mean, and the integral is given by314

∫

(...) =

∫

150 hPa

900 hPa

(...) dz.315

Note that this scaling is similar but not identical to the one used in MOB11 in two ways: first316

the integration bounds are not exactly the same. The lower and upper boundaries for the317

vertical integral are introduced to exclude the subcloud layer (see the mean profiles of non-318

precipitating condensates on Fig. 9) and top layers of the model where damping is applied319

to avoid gravity wave reflection and build up; we conducted the same analysis changing the320

lower and upper boundaries by ±50 hPa and found that our results are not sensitive to those321

values. Second, MOB11 use the fact that the mean atmospheric lapse rate is close to moist322

adiabatic in the model above the boundary layer (i.e. ds ≈ −Lvdqsat) to express the scaling323

(2) in terms of the saturation specific humidity from the mean temperature qsat(< T >)324

instead of mean dry static energy < s >. This makes the interpretation of the scaling easier,325

since326

∫

ρ̄w
−∂qsat(< T >)

∂z
327

is simply the net condensation in the atmospheric column, including condensation from328

upward motion as well as evaporation of condensates from downward motion, maintaining a329

moist adiabatic lapse rate. We do not take this extra step because we find that with shear,330

the agreement with precipitation extremes is better when we use the mean dry static energy,331

although the qualitative results are unchanged when using saturation specific humidity. We332

will come back to the interpretation of the scaling and its relationship to water vapor in §5c.333

If changes in the precipitation efficiency are neglected, then from (2) fractional changes334

in Pe are given by the scaling relation:335

δPe

Pe

≈
δ
∫

ρ̄w (∂ < s >/∂z)
∫

ρ̄w (∂ < s >/∂z)
. (3)336
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The fractional changes in the scaling (3) with various shears in the CTRL case are shown337

on the middle panel of Fig. 10. The other cases (SMLDMN and LOWRES) look similar.338

In fact, all the results discussed here and in the following sections hold in all the cases,339

therefore, from now on, we only show results for the CTRL case. To ease comparison, we340

repeated the precipitation extremes changes from Fig. 8 on the left panel of Fig. 10. We see341

that the scaling captures the magnitude of the rate of increase of precipitation extremes342

with warming, as well as its sensitivity to shear: the amplification of extremes is similar343

without shear and with critical shear, and is larger with supercritical shear. In the next344

section, we use the scaling (3) to evaluate the thermodynamic and dynamic contributions to345

precipitation extremes changes.346

b. Thermodynamic and dynamic contributions347

We can further decompose the scaling into two components, a thermodynamic compo-348

nent involving the change in dry static stability δ(∂ < s >/∂z), and a dynamic component349

involving the change in upward mass flux δρ̄w (neglecting second order terms):350

δ

(
∫

ρ̄w
∂ < s >

∂z

)

≈

∫

ρ̄w δ

(

∂ < s >

∂z

)

+

∫

δ (ρ̄w)
∂ < s >

∂z
. (4)351

The right panel of Fig. 10 shows the thermodynamic and dynamic contributions to the352

scaling. We see that to first order, the rate of increase of precipitation extremes has the same353

magnitude as the thermodynamic scaling, which has a similar value for all shears, smaller354

than CC and close to CCsfc ≈ 6 - 7 % K−1. This value is consistent with the mean fractional355

increase of dry static stability ∂ < s >/∂z averaged over the cloudy layers (900 to 150 hPa356

from Fig. 9) on a theoretical moist adiabat when the SST is increased from 300 to 302 K; see357

also the values given by Betts and Harshvardhan (1987). The dynamic contribution on the358

other hand is not the same for all shears. It is small compared to the thermodynamic scaling,359

but it can vary greatly with shear. In fact, Fig. 10 makes clear that the larger amplifications360

of extremes with supercritical shear are due to positive dynamic contributions, as opposed361
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to negative dynamic contributions without shear and with critical shear.362

To summarize these results, to first order the changes in precipitation extremes are cap-363

tured by changes in the mean temperature structure of the atmosphere. This thermodynamic364

contribution is robust for all shears and is close to CCsfc ≈ 6 - 7 % K−1, which is signifi-365

cantly smaller than the change in atmospheric water vapor CC ≈ 9 - 10 % K−1. Changes366

in convective mass fluxes play a secondary role, and are not robust to shear. They tend to367

weaken the strength of precipitation extremes without shear and with critical shear, while368

they tend to increase the strength of precipitation extremes with supercritical shear.369

c. Relationship to water vapor370

In order to clarify the relationship between the scaling (3) and near-surface water vapor,371

we derive an even simpler scaling for the changes in precipitation extremes. While not as372

accurate as (3), it helps explain why changes in precipitation extremes follow CCsfc. Since373

the tropical atmosphere is close to a moist adiabat, i.e. ds ≈ −Lvdqsat, and since changes374

in relative humidity tend to be small, i.e. δ(∂qsat/∂z) ≈ δ(∂qv/∂z) where qv denotes water375

vapor specific humidity, it follows from (3) that376

δPe

Pe

≈
δ
∫

ρ̄w (−∂ < qv >/∂z)
∫

ρ̄w (−∂ < qv >/∂z)
. (5)377

If we further assume that a representative value of ρ̄w is its value at 500 hPa (around 6 km),378

then a rough scaling would be:379

∫

ρ̄w

(

−
∂ < qv >

∂z

)

∼ (ρ̄w)500

∫

−
∂ < qv >

∂z
= δ(ρ̄w)500 < qv >BL . (6)380

An alternative way to derive this scaling is to assume that in areas with strong convection,381

the precipitation is equal to the total water vapor horizontal convergence in the boundary382

layer383

Pe ∼ ∇h(ρ̄uh)BL < qv >BL .384

From mass conservation, the horizontal convergence in the boundary layer is equal to the385

vertical mass flux in the convective updraft ∇h(ρ̄uh)BL ≈ (ρ̄w)500, so that precipitation386
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extremes scale with387

Pe ∼ (ρ̄w)500 < qv >BL . (7)388

The fractional changes in the scaling (7) are shown on the middle panel of Fig. 11, and the389

thermodynamic and dynamic contributions (δ < qv >BL / < qv >BL and δ(ρ̄w)500/(ρ̄w)500390

respectively) are shown on the right panel. While not as accurate as (3), this rough scal-391

ing captures the general behaviour of precipitation with warming. To leading order, the392

magnitude of the amplification of extremes with warming scales with boundary layer water393

vapor, and is robust throughout all cases and shears. Changes in convective mass fluxes play394

a secondary role, and unlike the earlier dynamic contributions in (4), they tend to weaken395

precipitation extremes for all shears. The weakening is stronger without shear and with396

critical shear than it is with supercritical shear, which explains the larger rates of increase397

of (7) with supercritical shear.398

The top panels of Fig. 12 show the vertical profiles of mass flux at the 99.95th precipitation399

percentile in the control case for the various shears (the other cases look similar). Consistent400

with the dynamic contributions described earlier, we see that the decrease in vertical mass401

fluxes with critical and zero shear is not observed with supercritical shear. The decrease in402

vertical mass flux with zero shear is not inconsistent with Romps (2011) and MOB11 who403

find an increase in updraft velocities with warming in disorganized convection. Fig. 12 shows404

that the decrease in convective mass flux occurs despite an increase in the maximum updraft405

velocity (bottom panels). The former is more relevant to precipitation extremes.406

It is unclear why the decrease in mass flux at high precipitation percentiles does not occur407

in the presence of supercritical shear. Note that the change in mean mass flux M , which can408

be estimated from the mean precipitation and near-surface specific humidity changes (shown409

on Fig. 6) δM/M ≈ δP/P − δqvsfc/qvsfc (Betts 1998; Held and Soden 2006), is approximately410

the same for all cases and shears, and decreases at a rate if about 3 - 4 % K−1. The411

discrepancy between the decrease in mean convective mass flux, which is the same for all412

shears, and the decrease in convective mass flux at high precipitation percentiles, which does413
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not occur with supercritical shear, may be related to the decrease in precipitation frequency414

with supercritical shear discussed in §3 (less convective events with the same individual mass415

fluxes yield a smaller mean mass flux). Given its impact on precipitation extremes, more416

work is desirable to investigate in detail the distribution of convective mass flux and its417

response to warming.418

6. Conclusions419

Earlier studies of disorganized radiative-convective equilibrium found that the fractional420

rate of increase of precipitation extremes with warming were close to that of surface water421

vapor concentrations, or CCsfc scaling, which is substantially less than the fractional increase422

in column water vapor, or CC scaling (Romps (2011), MOB11). Recent results from Single-423

ton and Toumi (2012) indicate that changes in precipitation extremes could be significantly424

larger when the convection is organized.425

Using vertical shear to organize the convection into squall lines, we examine the response426

of precipitation extremes to warming in a CRM. Several shear profiles are investigated,427

namely no shear, critical shear and supercritical shear, as well as various domain sizes and428

resolutions. We find that the exact value of the increase in precipitation extremes with429

warming is somewhat sensitive to resolution and domain size, but there are several robust430

features:431

• Regardless of the strength of the shear, the fractional rate of increase of precipitation432

extremes with warming is comparable in magnitude to that of surface water vapor433

concentrations, which is significantly smaller than the increase in column water vapor.434

• Despite very different convective organizations (compare Figs. 3 and 4), the amplifi-435

cation of precipitation extremes without shear and with critical shear are suprisingly436

similar, with a rate of increase slightly smaller that CCsfc. The dependence on shear437

is non-monotonic and extremes are more sensitive to supercritical shear which yields438
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increases close to or slightly above CCsfc.439

• An approximate scaling is used to identify thermodynamic and dynamic contributions440

to precipitation extremes. We find that for all shears, to first order the amplification441

of extremes is dominated by the thermodynamic component which is close to CCsfc442

and is related to changes in the mean temperature structure of the atmosphere. The443

dynamic contributions play a secondary role, and differ for different shears: without444

shear and with critical shear the dynamic component tends to weaken extremes, while445

with supercritical shear it strenghtens extremes.446

The dynamic contribution is small but is responsible for the different behaviours with differ-447

ent shears. These are caused by different responses of convective mass fluxes in individual448

updrafts: the decrease in mass fluxes at high precipitation percentiles with warming observed449

with zero and critical shear is not observed with supercritical shear (note that mass fluxes450

decrease with warming despite an intensification of maximum updraft velocities).451

This is consistent with MOB11 who find that without organization, the changes in pre-452

cipitation extremes are closer to (and slightly below) CCsfc than to CC, and are captured to453

first order by changes in the mean temperature structure of the atmosphere; they also find454

that changes in vertical velocities play a secondary role and tend to weaken the strength of455

precipitation extremes, despite an intensification of updraft velocities in the upper tropo-456

sphere. But with organization, our results are at odds with Singleton and Toumi (2012) who457

find precipitation extremes increases in excess of CC. We interpret their result as being the458

consequence of the uniform vertical warming which increases the atmospheric instability and459

hence likely overestimates vertical velocities and mass fluxes in updrafts, and hence precip-460

itation extremes. Interestingly, Singleton and Toumi (2012) observe a change of behaviour461

of precipitation extremes in their simulated squall line when the SST exceeds 24◦ C. Our462

results indicate that this might be due to the fact that this SST corresponds to a transition463

between stationary squall lines (near-critical shear) and slanted squall lines (supercritical464

shear), which could explain the change of behaviour of extremes.465
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In the tropics, using column water vapor as a proxy for the rate of change of precipita-466

tion extremes instead of surface humidity can lead to substantial overestimates. Although467

our setting was idealized (square, doubly-periodic domain, fixed radiative cooling rates and468

SSTs, no large scale forcing or orography), the methodology developed should also be ap-469

plicable to less idealized simulations. More work is desirable to investigate whether changes470

in precipitation extremes larger than those in atmospheric water vapor are possible under471

more realistic conditions.472
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List of Tables565

1 Description of the numerical simulations. The profiles of the various shears566

(zero shear = Shear0, critical shear = Shear1 and supercritical shear = Shear2)567

are shown in Fig. 2. Each case and shear is run twice, first with a Sea Surface568

Temperature (SST) of 300 K, and second with an SST of 302 K. 25569
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Table 1. Description of the numerical simulations. The profiles of the various shears (zero
shear = Shear0, critical shear = Shear1 and supercritical shear = Shear2) are shown in Fig. 2.
Each case and shear is run twice, first with a Sea Surface Temperature (SST) of 300 K, and
second with an SST of 302 K.

case shear SST (K) description

CTRL Shear0 300 Control run (resolution 1 km, domain size 256 km)
without shear and with SST = 300K.

302 Same but SST = 302K.
Shear1 300 Control run with critical shear and SST=300K.

302 Same but SST = 302K.
Shear2 300 Control run with supercritical shear and SST=300K.

302 Same but SST = 302K.
SMLDMN Shear0 300 Small domain run (resolution 1 km, domain size 128 km)

without shear and with SST = 300K.
302 Same but SST = 302K.

Shear1 300 Small domain run with critical shear and SST = 300K.
302 Same but SST = 302K.

Shear2 300 Small domain run with supercritical shear and SST = 300K.
302 Same but SST = 302K.

LOWRES Shear0 300 Coarse resolution run (resolution 2 km, domain size 256 km)
without shear and with SST = 300K.

302 Same but SST = 302K.
Shear1 300 Coarse resolution run with critical shear and SST = 300K.

302 Same but SST = 302K.
Shear2 300 Coarse resolution run with supercritical shear and SST = 300K.

302 Same but SST = 302K.
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List of Figures570

1 Radiative cooling profiles used in the cold (SST=300K) and warm (SST=302K)571

simulations. The vertically integrated net atmospheric cooling increases from572

94 W m−1 to 101 W m−1 with warming, yielding a 3.7 % K−1 increase. 29573

2 Snapshots of clouds (gray surfaces) and near-surface temperatures (first model574

level z = 37.5 m) in the CTRL runs with SST=300K (i.e. cold runs; the warm575

runs have similar organization) for various shears. The shears are shown on576

the left panels. Top panels: without shear, convection is not organized and re-577

sembles “pop-corn” convection. Middle panels: with critical shear (decreasing578

linearly from 10 m s−1 at the surface to 0 at 1km), the convection organizes579

into a squall line perpendicular to the shear (the shear is in the x direction).580

Bottom panels: with supercritical shear (twice the critical shear), the lines581

are oriented at an angle of about 45◦, so that the projected shear is critical. 30582

3 Instantaneous precipitable water in the runs without shear and with SST=300K583

(the warm runs have similar organization). The snapshots on the left and584

right are separated by an hour. The top panels show the control run CTRL,585

the middle panels the small domain run SMLDMN, and the lower panels the586

coarse resolution run LOWRES (see Table 1 for a description of the runs).587

Without shear the convection is disorganized. 31588

4 Same as Fig. 3 but with critical shear and with snapshots separated by a589

day and a half. With critical shear the convection is organized along lines590

perpendicular to the shear. 32591

5 Same as Fig. 3 but with supercritical shear and with snapshots separated by592

five hours. With supercritical shear the convection is organized along lines593

oriented at an angle of about 45◦ with the shear. 33594
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6 Changes in mean precipitation, precipitation intensity, precipitation frequency,595

precipitable water and near-surface specific humidity (first model level z =596

37.5 m) in the various cases (see Table 1 for a description of the runs). All the597

quantities shown are changes in time-domain averages and are given in % K−1. 34598

7 Changes in the distribution of hourly mean pointwise precipitation accompa-599

nying a 2 K SST increase in the control case (CTRL see Table 1 for details)600

for various shears. The top panel shows the values of precipitation percentiles601

in mm day−1 in the cold and warm simulations. The bottom panel shows the602

fractional increase in rainfall rates between those two runs. 35603

8 Changes in the distribution of hourly mean pointwise precipitation accompa-604

nying a 2 K SST increase for various cases (CTRL, SMLDMN and LOWRES,605

see Table 1 for details) and shears. All the values are in %. The changes in606

precipitable water and near-surface specific humidity are shown as gray solid607

and dashed lines respectively. To ease comparison, the curves for various608

shears are superimposed on the right panels. 36609

9 Vertical profiles of non-precipitating condensate amounts (i.e. clouds, in g610

kg−1) in the control case, domain and time averaged, for various shears. 37611

10 Changes in precipitation extremes (left panel), in the scaling (3) (middle612

panel) and in the dynamic and thermodynamic parts of the scaling (right613

panel) in the CTRL case. All the values are in %. 38614

11 Same as Fig. 10, but the middle and right panels show changes in the rough615

estimate (7) (ρw)500 < qv >BL (where < . > denotes time and spatial mean).616

Its thermodynamic part is δ < qv >BL, and its dynamic part is δ(ρw)500. All617

the values are in %. 39618

27



12 Vertical mass flux (top panels) and vertical velocities (bottom panels) in the619

control case at the 99.95th percentile of precipitation for various shears. The620

values are shown on the left panels, and the changes between the cold and621

warm runs are shown on the right panels. 40622
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Fig. 1. Radiative cooling profiles used in the cold (SST=300K) and warm (SST=302K)
simulations. The vertically integrated net atmospheric cooling increases from 94 W m−1 to
101 W m−1 with warming, yielding a 3.7 % K−1 increase.
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Fig. 2. Snapshots of clouds (gray surfaces) and near-surface temperatures (first model level
z = 37.5 m) in the CTRL runs with SST=300K (i.e. cold runs; the warm runs have similar
organization) for various shears. The shears are shown on the left panels. Top panels:
without shear, convection is not organized and resembles “pop-corn” convection. Middle
panels: with critical shear (decreasing linearly from 10 m s−1 at the surface to 0 at 1km),
the convection organizes into a squall line perpendicular to the shear (the shear is in the x
direction). Bottom panels: with supercritical shear (twice the critical shear), the lines are
oriented at an angle of about 45◦, so that the projected shear is critical.
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Fig. 3. Instantaneous precipitable water in the runs without shear and with SST=300K
(the warm runs have similar organization). The snapshots on the left and right are separated
by an hour. The top panels show the control run CTRL, the middle panels the small domain
run SMLDMN, and the lower panels the coarse resolution run LOWRES (see Table 1 for a
description of the runs). Without shear the convection is disorganized.
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Fig. 4. Same as Fig. 3 but with critical shear and with snapshots separated by a day and a
half. With critical shear the convection is organized along lines perpendicular to the shear.
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Fig. 5. Same as Fig. 3 but with supercritical shear and with snapshots separated by five
hours. With supercritical shear the convection is organized along lines oriented at an angle
of about 45◦ with the shear.
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Fig. 6. Changes in mean precipitation, precipitation intensity, precipitation frequency,
precipitable water and near-surface specific humidity (first model level z = 37.5 m) in the
various cases (see Table 1 for a description of the runs). All the quantities shown are changes
in time-domain averages and are given in % K−1.
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Fig. 7. Changes in the distribution of hourly mean pointwise precipitation accompanying a
2 K SST increase in the control case (CTRL see Table 1 for details) for various shears. The
top panel shows the values of precipitation percentiles in mm day−1 in the cold and warm
simulations. The bottom panel shows the fractional increase in rainfall rates between those
two runs.
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the curves for various shears are superimposed on the right panels.
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Fig. 9. Vertical profiles of non-precipitating condensate amounts (i.e. clouds, in g kg−1) in
the control case, domain and time averaged, for various shears.
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Fig. 10. Changes in precipitation extremes (left panel), in the scaling (3) (middle panel)
and in the dynamic and thermodynamic parts of the scaling (right panel) in the CTRL case.
All the values are in %.
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Fig. 11. Same as Fig. 10, but the middle and right panels show changes in the rough estimate
(7) (ρw)500 < qv >BL (where < . > denotes time and spatial mean). Its thermodynamic
part is δ < qv >BL, and its dynamic part is δ(ρw)500. All the values are in %.
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case at the 99.95th percentile of precipitation for various shears. The values are shown on
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